Maximal inspiratory mouth pressures (PIMAX) in healthy subjects—what is the lower limit of normal?  by HAUTMANN, H. et al.
Maximal inspiratory mouth pressures (PIMAX) in
healthy subjects—what is the lower limit of normal?
H. HAUTMANN*, S. HEFELE*, K. SCHOTTEN{ AND R. M. HUBER*
*Klinikum Innenstadt, Medizinische Klinik and {Institut fu¨r Medizinische Informationsverarbeitung, Biometrie
und Epidemiologie, Ludwig-Maximilians-University, Munich, Germany
Background: Maximal inspiratory mouth pressures are suitable for non-invasive evaluation of respiratory muscle
function. Dierent studies on PIMAX give predicted normal values and their relation to anthropometric data. Due
to a large inter-subject variation of PIMAX, predicted values, however, maximal inspiratory mouth pressures are
not suitable to define the individual expected normal PIMAX. What is the lower limit of the normal range?
Methods: PIMAX has been prospectively measured in a representative sample of 504 healthy volunteers (248
males and 256 females) between 18 and 82 years of age with normal lung function. Age, height, weight, body mass
index (BMI) and smoking status were recorded and incorporated stepwise in a multiple regression analysis to
determine prediction equations. Lower limits of the normal range were defined as the fifth percentile of the residuals
derived from the regression model.
Results: Mean values of PIMAX were 9?95 kPa for men and 7?43 kPa for women. Significant correlations were
found with height, weight, BMI, FEV1, PEF and FVC (P50?01). The strongest correlation appeared with sex and
age (P50?001). Smoking status and smoked pack-years were not independent predictors of inspiratory pressures.
Lower limits of normal were 59% for women and 60% for men of the predicted PIMAX.
Conclusions: In the interpretation of maximal inspiratory mouth pressures, normal values should represent the
lower limit of the normal range derived from the regression model in order to avoid false pathological results.
Prediction equations as well as lower limits of normal resulting from a study cohort of healthy 18–82-year-olds are
given and are recommended to be used by pulmonary function laboratories in young and old patients.
Key words: PIMAX; respiratory muscles; reference values; pressure; adult; regression analysis; sex factors;
caucasoid race; body weight; respiration.
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The maximal inspiratory mouth pressure (PIMAX) is an
index of inspiratory muscle strength (1). In many pulmon-
ary function laboratories its measurement is now a routine
procedure. This simple and non-invasive method is used
instead of the former technique where balloons had to be
placed within the oesophagus and the stomach to assess
pleural pressures. Changes in PIMAX have been described
primarily in neuromuscular disease (2,3) and COPD (4,5).
Normal values of PIMAX have been studied by Enright et
al. (6) in a large series of healthy adults, 65 years of age and
older. A smaller number of healthy volunteers, older than
55 years, has been measured by McElvaney et al. (7).
Young subjects between 13 and 35 years of age have beenReceived 14 October 1999 and accepted in revised from 18 January
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groups from 18 to 65 years and above were performed by
Black and Hyatt (1), Wilson et al. (9), Ringqvist (10),
Vincken et al. (11) and Bruschi et al. (12). Normal values
have also been published by Rochester and Arora (13).
Between-study dierences of maximal inspiratory mouth
pressures were sometimes substantial and could not be
explained by age dierences alone. A high inter-subject
variation was reported in all studies. Most authors found a
significant correlation of PIMAX with age and sex.
Regression equations in order to predict PIMAX including
the independent variables of weight, height and age,
however, were only suggested by few authors (1,6,9,12).
Due to the large inter-subject variation of PIMAX the
predicted mean may not be adequate to evaluate respira-
tory muscle weakness. However, universally applicable
normal values for PIMAX, specifically focusing on the
lower limits of normal and resulting from prediction
equations are not available. Studies covering all adult age
groups are very limited and often consist of only a small
number of subjects.# 2000 HARCOURT PUBLISHERS LTD
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values for PIMAX, including the lower limits of normal
range in adult healthy subjects 18 years of age and above.
Methods
RECRUITMENT
Subjects were recruited by visiting schools, companies and
club events asking for participation on a voluntary basis. Of
all the volunteers 46?6% were living in a city, 22?6% in
small towns and 30?8% in rural areas. Subjects were tested
at their school, club-house or place of employment. They
were interviewed by the technician, with special emphasis
on possible interacting disease, especially of the cardiopul-
monary or neuromuscular system. Age, height, weight,
smoking status, smoked pack-years and body mass index
(BMI) were recorded. Spirometry was performed to
determine forced expiratory volume in 1 sec (FEV1), forced
vital capacity (FVC) and peak expiratory flow (PEF). The
prediction equations of the European Respiratory Society
(ERS), which are representative for the European Com-
munity for Coal and Steel (EGKS) (14) were used as
reference values. A subject was not eligible to proceed to
inspiratory pressure testing when either FEV1 or FVC was
below 70% of the predicted value. An additional criterion
for rejection was the evidence of interacting acute or
chronic disease. If it became obvious that a participant did
not adequately understand the protocol of the measure-
ments he/she was also excluded to avoid false-negative
results.
There were 621 participants from January 1997 to May
1998. Of these 18?8% did not proceed to mouth pressure
testing or did not enter data processing because they did not
meet the above-mentioned prerequisites. A total of 504
subjects (248 men, 256 women) eventually entered statistical
analysis.
PULMONARY FUNCTION TESTS
Spirometry included FEV1, FVC and PEF and was always
performed first (three to seven FVC manoeuvres), accord-
ing to the criteria of the ERS (14), followed by the PIMAX
test. All tests were performed by the same technician. A
pneumotachograph was used for spirometry (Masterscope
Rocc, Jaeger, Wu¨rzburg, Germany). An occlusion valve
was attached distal to the pneumotachograph, which could
be individually occluded by the technician. A hole in the
valve permitted an air-leak, designed to prevent sustaining
pressure with the cheeks (1). At an inspiratory mouth
pressure of 10 kPa the air leak allowed a flow of 130–
200ml sec71.
The pressure gauge, which was an integral part of the
pneumotachograph consisted of a piezzo-element (Type
SX01, Sensym Corp, Milpitas, Carlifornia, U.S.A.) which
was calibrated by the manufacturer. The pressure response
curve of the transducer was linear with a deviation/
hysteresis of maximal 0?5%. The accuracy of the pressuremeasurements was+2%. Reproducibility of the measuring
system was checked monthly with a mechanical pressure
gauge. Participants were sitting and were wearing nose-clips
for all tests. The technician explained and demonstrated the
maneuvre first. During maximal inspiratory pressure
measurements the subjects sealed their lips around a sti
rubber mouthpiece, 40mm in length and 18mm in internal
diameter, which was connected to the firm plastic tube of a
pneumotachograph with internal diameter of 20mm. The
participant was coached to exhale slowly to residual volume
(RV) and was then urged to inhale with as much force as
possible and to sustain the pressure for at least 2 sec. Each
subject had to perform a minimum of seven manoeuvres
with a time interval of 20–90 sec between maneuvres. The
procedure was concluded if two consecutive measurements
failed to improve the preceding highest value. The highest
mouth pressure achieved which could be maintained for at
least 1 sec was collected for data processing.
STATISTICAL ANALYSIS
MeansSD were calculated. Correlations between maximal
inspiratory pressures with anthropometric data and lung
function values were determined by Pearsons correlation
factors. Age, weight, height and BMI were then entered
stepwise into multiple regression analysis, with PIMAX as
the dependent variable. As independent variables only age,
weight, height and BMI were used for the regression model
since they are always available even when spirometry is not
done. The probability of the F statistic was 0?10 to enter
and 0?15 to remove a variable from the model. Prediction
equations were obtained by using parameter estimates from
the regression model. Lower limits of the normal range
(LNR) were defined as the fifth percentile of the residuals
from the regression model and were given as percentage of
the predicted PIMAX. Male and female variables were
compared using an unpaired t-test. Dierences between the
technician and reference technicians were calculated with a
t-test for paired samples. All calculated variables were
normally (Gaussian) distributed. There were no missing
data. SAS statistical software (Version 6?12) was used for
all analyses.
Results
The age distribution of the participants evaluated according
to age groups is shown in Table 1. There were less
participants in the age group over 70 years than in the
other five age groups. Table 1 also gives the mean and the
fifth percentile of actual maximal inspiratory mouth
pressures, according to age groups. Mean values for
PIMAX produced by women were about 25% lower than
those for men (P50?001). Compared with reference values
for lung volumes and forced ventilatory flows given by the
EGKS (14), spirometry showed above-average values
throughout the study population (Table 2). There was a
significant correlation between age and FEV1 (r=0?52),
TABLE 1. Association of maximal inspiratory pressures with
age (n=504)
Age group
(years)
PIMAX (kPa) n %
mean (SD) 5th percentile
Men
18–30 10?5 (2?3) 5?74 56 22?6
31–40 10?3 (2?5) 5?30 55 22?2
41–50 10?4 (2?7) 5?71 43 17?3
51–60 10?3 (2?6) 6?33 44 17?7
61–70 8?4 (1?9) 5?62 36 14?5
>70 8?0 (1?8) 4?92 14 5?6
Women
18–30 7?9 (2?2) 4?45 41 16?0
31–40 7?6 (2?0) 4?58 51 19?9
41–50 7?7 (2?2) 4?24 50 19?5
51–60 7?5 (1?9) 4?68 57 22?3
61–70 6?6 (1?5) 3?60 37 14?5
>70 6?7 (2?2) 3?68 20 7?8
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71 and
year of age.
On average, maximum PIMAX was achieved 0?7 sec
after the onset of forced inspiration. The highest PIMAX
was produced at the fourth manoeuvre (mean=4?02). Four
percent of the participants needed more then seven
manoeuvres to achieve their best value (maximum = 12
manoeuvres). In 30 participants measurements were re-
peated 1–20 months (median=7 months) after the initial
measurement. In this sub-cohort the coecient of variation
of PIMAX was 73% (meanSD). The time period (days)TABLE 2. Mean values
Men (n=248
mean
PIMAX (kPa) 9?95
Age (years) 43?4
Height (cm) 176?9
Weight (kg) 78?3
BMI 25?0
FEV1 (l) 4?01
FEV1 (% predicted) 106
PEF (l sec-1) 10?3
PEF (% predicted) 116
FVC (l) 4?98
FVC (% predicted) 104
FEV1/FVC (%) 80?9
FEV1/FVC (% predicted) 101from the beginning of the study until the measurement date
was not a significant correlate of PIMAX. Ten participants
were measured by the investigating technician first and 2 h
later by one of two equally trained reference technicians
who were not involved in the study. In these cases the
coecient of variation of PIMAX was 52% (meanSD).
There was no significant dierence in PIMAX between the
investigating technician and the reference technicians
(P=0?42).
Several independent variables correlated significantly
with PIMAX including sex, age, height, weight, BMI,
FEV1, FVC and PEF. Correlation coecients are displayed
in Table 3. The strongest correlation was observed with sex
and age, however, there was no significant correlation with
the area of recruitment, smoking status or smoked pack-
years. A total of 87?7% of the participants had never
smoked. Mean cigarette consumption of the current or
former smokers was 17 pack-years. PIMAX showed a
decrease with age, pronounced in participants of 60 years of
age and above. In the regression analysis for PIMAX,
variables which did not enter the model were height and
weight in men, and height, weight and BMI in woman.
Resulting reference equations are shown in Table 4. The
lower limits of the normal range were 60% of the predicted
PIMAX for men, and 59% for women, respectively. Results
showed that 6?9% of the men and 4?7% of the women fell
below the LNR when applying the reference equations to
the entire study cohort.
To compare predicted values of PIMAX with those of
other studies, the data of the study cohort were processed
with previous published prediction equations obtained
from studies of Enright et al. (6), Wilson et al. (9) and
Black and Hyatt (1). This revealed a high correlation
between the studies with correlation coecients of 0?78/
0?81/0?99 for men and 0?28/0?99/0?33 for women
(r50?0001 for all correlations).) Women (n=256)
SD mean SD
2?53 7?43 2?03
16?3 46?5 15?5
6?82 164?9 6?37
10?9 66?4 10?8
3?4 24?5 3?92
0?93 3?01 0?71
21 109 19
2?51 7?31 1?84
26 111 25
1?13 3?63 0?84
21 110 20
9?30 83?2 8?44
11 103 10
TABLE 3. Correlates of PIMAX (n=504)
PIMAX
Sex 0?48*
Age 70?24*
Height 0?32*
Weight 0?26*
BMI 0?06
FEV1 0?36*
PEF 0?40*
FVC 0?39*
FEV1/FVC 70?10
Smoking status 70?04
Pack-years 70?001
Pearson’s correlation coecients are given. Kolmogorov-
Smirnov-test passed for all variables assuming normal
(Gaussian) distribution.
Correlations significant at *P50?05, using a two-tailed test.
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The measurement of maximal inspiratory pressures is
strongly dependent on the skill of the technician and the
motivation of the patient. Coecients of variation within
subjects, although not tested by all authors, are described to
be as high as 7–10% (7–9,15). In this study the intra-subject
variability was kept small by using the same technician to
perform all measurements. This way, possible inter-
technician bias could be avoided. It is reported that inter-
technician dierences in PIMAX account for up to 12%
when more then one technician is involved (6). In addition,
the data obtained by the investigating technician were
compared with that of other trained technicians exhibiting
a coecient of variation of as low as 5%. However,
PIMAX displays a marked between-subject variability.
This phenomenon is seen throughout the literature
(1,5,6,8,12,16,17). A sucient explanation is not yetTABLE 4. Prediction equations for maximal inspiratory pressure
Male
Prediction equation PIMAX = (0?158 BMI)7
Mean 9?95
R2 0?093
RSD 2?41
Fifth percentile of the residuals 73?94
Age coecient 70?33
BMI coecient 0?21
LNR for PIMAX* 0?60
Mean LNR for PIMAX 6?01
Coecient: standardized regression coecient (b) for that variab
CF: correction factor; LNR: lower limit of the normal range.
* Value given is to be multiplied by the value determined from the
normal range.available, although it is likely that much of the variability
simply reflects the dierent musculature of individuals.
Standard deviation of PIMAX in this study was, according
to sex, 25–27% of the mean. Other investigations with
larger numbers of participants reveal standard deviations of
up to 33% (8), and 38% (6) of the mean, respectively.
Mouth pressures between studies are not directly
comparable. Dierences in the age distribution of each
study cohort, methods and equipment may best explain
these observations. PIMAX-values in this study were,
however, similar to those of other investigators. This
applies particularly to the data of Rochester and Arora
(13), Black and Hyatt (1), Wilson et al. (9) and McElvaney
et al. (7). Ringquist (10), however, also covering an age
range of 18–83 years, obtained higher values for PIMAX.
Wilson et al. (9) comments that Ringquist partly used a
selected group of physically trained subjects (military
conscripts) and that the subjects were extremely pushed
for good results until some even suered from spontaneous
nose bleeding. The largest study was done by Enright et al.
(6), with more than 4000 participants. PIMAX values were
approximately 20% lower than those in our study.
However, Enright included only subjects 65 years and
older. When comparing the specific age subgroups, PIMAX
is comparable. This is probably explained by the fact that
PIMAX decreases with age in a non-linear manner and is
clearly disproportional in persons above the age of 60 years.
Besides sex, the correlation with age is the strongest in
most of the studies mentioned. Only McElvaney et al. (7)
could not find a significant relationship between maximal
respiratory pressures and age in persons older than 55 years.
Besides age there were other relationships with PIMAX
including height, weight, BMI and dierent lung function
parameters. According to sex and relating to the regression
model, independent predictors of PIMAX were age and
BMI in men, and age in women. Height and weight did not
reach the desired probability to enter the model. Lung
function parameters were also not included in the regression
model, since they are not available every time mouth
pressures are obtained in a lung function laboratory. Thus,(PIMAX)
Female
(0?051 age) + 8?22 PIMAX = (70?024 age) + 8.55
7?43
0?034
1?99
73?03
70?19
–
0?59
4?40
le; BMI: body mass index; RSD: residual standard deviation;
prediction equation in order to obtain the lower limit of the
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Smoking status and smoked pack-years did not correlate
significant with PIMAX. Enright et al. (6) found that
current smokers had a 15% lower PIMAX than non- or
former smokers. In contrast Leech et al. (8) could not find a
significant relationship between smoking and PIMAX. The
small proportion of smokers in our study may be the
explanation for the lack of statistical significant influence of
smoking habits on PIMAX, although there was a tendency
towards lower PIMAX values in current and former
smokers. In addition, symptomatic smokers (e.g. suering
from chronic bronchitis) or smokers with a pathological
spirometry did not meet the requested inclusion criteria.
The definition of lower limits of the normal range for
PIMAX are based on calculated fifth percentiles of the
residuals as recommended previously for spirometric
measurements (14,18). They are given as a percentage of
the predicted values derived from the reference equation.
The normal range is large, with its lower limit at 59/60%
(women/men) of the mean predicted value. This lower limit
should be the reference in judging PIMAX either normal or
below normal. According to corresponding age groups
these results compare well to the results of Enright et al. (6),
who also define a LNR based on predicted values.
However, our LNR do not represent a fixed dierence,
but a percentage of the predicted PIMAX, since low
PIMAX values occur with a decrease in standard deviation.
Particularly in the subset with low inspiratory pressures a
fixed dierence could over-estimate the LNR and could
lead to results which are judged false-normal.
In summary, inspiratory mouth pressures have been
defined in a large cohort of healthy subjects between 18 and
83 years of age. There was a strong relationship between
PIMAX and sex. Age and BMI were also independent
predictors of inspiratory muscle strength. Smoking or
former smoking had only a weak eect on PIMAX, which
was not significant. In the evaluation of inspiratory mouth
pressures the definition of lower limits of the normal range
are essential, since the distribution of PIMAX values show
a large inter-subject variation. They are best described by
estimates of fifth percentiles of the residuals derived from
the linear regression model. Finally, we wish to emphasize
that according to the findings in this and other studies, the
normal range for maximal inspiratory mouth pressures is
exceptional large. Thus, inspiratory mouth pressures have
to be approximately 40% below the predicted value before
they are to be judged pathological. The presented reference
values could be used in lung function laboratories for
patients to define the lower limit of the normal for maximal
inspiratory mouth pressures.
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